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h i g h l i g h t s
 Fungal bioreceptivity and biodeterioration of historical glazed tiles models was studied.
 Tile models with two different ageing degrees (pristine and artificially aged) were tested.
 12-month laboratory colonization experiment was conducted with the tiles inoculated with fungi.
 Biogenic calcium oxalate compounds were formed due to fungal biodeterioration.
 Bioreceptivity and biodeterioration was not correlated with ageing degree.a r t i c l e i n f o
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Ceramica b s t r a c t
This study aimed at evaluating the influence of ageing on the bioreceptivity and biodeterioration of
glazed tiles by fungi. These microorganisms have been identified in historical tile colonizing microbial
communities. A 12-month laboratory colonization experiment was conducted using pristine and artifi-
cially aged tile models inoculated with Devriesia imbrexigena. Fungal growth was evaluated by digital
image analysis after incubation. Scanning electron microscopy and micro-Raman spectroscopy were per-
formed to assess tile biodeterioration, revealing that organic acids exuded by D. imbrexigena induced the
precipitation of calcium oxalate on the glazed surfaces. Results also showed that the ageing degree was
not related to bioreceptivity.
 2019 Elsevier Ltd. All rights reserved.1. Introduction
Glazed tiles are ceramic building materials with high artistic
and cultural value due to the variety of colours, glosses and iconog-
raphy of these ceramic elements, which are responsible for the
uniqueness of buildings and the urban landscape of many coun-
tries worldwide [1]. These composite materials combine a layer
of porous ceramic material (ceramic body) with a vitreous coating
(glaze) [2]. When exposed outdoors, these cultural assets are sub-
jected to weathering and also to the development of biologicalpatinas on their surfaces which can lead to undesirable alterations,
designated as biodeterioration [3]. On ceramic materials the main
biological damage are caused by: (i) aesthetic biodeterioration due
to the production of organic pigments and coverage of the surface
by coloured biofilms; (ii) physical biodeterioration resulting from
mechanical forces produced by organisms within pores, cracks, fis-
sures and ceramic-glaze interface causing material disintegration,
and (iii) chemical biodeterioration due to the direct action of meta-
bolic products excreted by microorganisms [4].
Recent studies identified meristematic fungi in microbial com-
munities growing over glazed tiles [5–7]. For instance, Giacomucci
et al. [5] found Aureobasidium pullulans and uncultured Dothio-
raceae among other fungal species on the adhesive treated glazed
Table 1
Chemical composition (wt. %) of the glaze analyzed by m-PIXE in pristine (n = 3) and
aged (n = 3) tile model samples before inoculation (Bf). Mean values are presented
together with the standard deviation (SD) and ANOVA results [24].
Oxides (wt. %) pristine (Bf) (mean ± SD) Aged (Bf) (mean ± SD)
Na2O 0.3 ± 0.04 0.3 ± 0.06
MgO 0.4 ± 0.03 0.4 ± 0.01
Al2O3 3.4 ± 0.30 3.2 ± 0.10
SiO2 47.0 ± 2.70 45.2 ± 5.20
Cl 0.1 ± 0.05 0.1 ± 0.10
K2O 1.5 ± 0.10 1.3 ± 0.01
CaO 1.0 ± 0.08 1.1 ± 0.10
TiO2 0.1 ± 0.02 0.1 ± 0.01
Fe2O3 0.2 ± 0.01 0.2 ± 0.03
SnO2 10.2 ± 0.10 10.0 ± 1.00
PbO 35.7 ± 2.50 38.0 ± 4.50
Values in the same row were not significantly different by the Tukey HDS test at
p < 0.05.
Table 2
Average and standard deviation (±SD) of capillarity coefficient (Q), water vapour
permeability coefficient (d) and average roughness (Ra) of pristine (n = 3) and aged
(n = 3) tile model samples before (Bf) the laboratory-based colonization experiment
[24].
Model tile Q (g m2 s1/2) d (kg/m h Pa) Ra (Å)
pristine (Bf) 1.3 ± 1.4(a) 1.5  1010 ± 4.6  1011(a) 12.6 ± 3.2(a)
aged (Bf) 10.8 ± 6.1(a) 3.9  1010 ± 1.3  1010 (b) 13.0 ± 1.4(a)
Values followed by the same letters in brackets in the same column are not sig-
nificantly different by the Tukey HDS test at p < 0.05.
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regarding Portuguese glazed tiles identified members of the
Neodevreodiseae family on the tile colonizing microbial commu-
nity [6,8]. Black yeasts and meristematic fungi are able to survive
in adverse environmental conditions, such as low humidity and
high sun irradiation [9]. Their survival strategy through melanin
production and meristematic development make them apt to
develop and colonize inorganic substrates in hostile conditions [9].
Most of the studies regarding biodeterioration of glazed tiles
have focused on the identification of the colonizing microorgan-
isms [5,8,10,11]. However, laboratory-based inoculation experi-
ments are fundamental to understand biodeterioration processes
and to relate material properties with susceptibility to microbial
colonization [12]. Fungi are responsible for the decay of many
types of building materials [13–15]. Laboratory tests on unglazed
ceramic roof tiles have shown that fungi are able to form biopre-
cipitates and penetrate into pores affecting the material integrity
[16,17]. In addition, several studies focused on stained glass win-
dows from cultural heritage assets [18–20] and laboratory-based
colonization experiments [14,15,21,22] have provided important
insights into glass biodeterioration by fungi, showing that they
able to cause glass biocorrosion. Yet, studies on the biodeteriora-
tion of glazed tiles have mainly focused on the identification of col-
onizing microorganisms [4–6,8,10] and no laboratory experiments
have been performed on fungal biodeterioration of historical
glazed ceramic tiles.
In the field of cultural heritage, understanding how the ageing
degree and conservation condition have an effect on the vulnera-
bility to a certain deterioration form is crucial in order to be able
to prioritise and design proper preventive and curative treatments.
In this study, a laboratory-based colonization experiment was car-
ried out using newly produced tile models with two different age-
ing degrees: (i) pristine (without ageing) and (ii) with artificial
ageing (aged). These tiles were inoculated with D. imbrexigena
and incubated for 12 months to assess their biodeterioration under
laboratory conditions. The species Devriesia imbrexigena, Phillips &
Coutinho, a novel dematiaceous fungus described on majolica
glaze tiles from Pena National Palace [23] was selected for its
ability to grow on glazed tiles. At the end of the incubation period,
fungal growth was evaluated by digital image analysis. Biodeterio-
ration damage was assessed by optical microscopy (OM), scanning
electron microscopy (SEM) and micro-Raman spectroscopy
(m-Raman).
2. Materials and methods
2.1. Pristine and aged majolica glazed tile models
Thirty eight glazed tile models (approximately 2.5  2.5 cm) were produced in
the laboratory according to the manufacturing procedure of majolica ceramic tiles,
using a faience ceramic paste and a silica lead-alkali glaze opacified with tin [24].
The produced tile models were divided into two sets of tile samples: (i) 19 newly
produced tiles without ageing (hereinafter pristine) and (ii) 19 newly produced tiles
with artificial ageing (hereinafter aged). The aged tiles were obtained by submitting
the produced tiles to a thermal shock treatment and chemical corrosion as
described in a previous work [24]. The average chemical composition of the glaze
surface of the pristine and aged tiles before (Bf) the inoculation experiment is pre-
sented in Table 1 [24].
The main intrinsic physical features of the pristine and aged tile models before
the inoculation experiment, including water absorption by capillarity of the glazed
surface, water vapor permeability and surface roughness (Ra) are summarized in
Table 2 [24].
2.2. Laboratory-based tile biodeterioration experiment
The two sets of tile samples, pristine (16 replicates) and aged (16 replicates),
were placed separately inside two Petri dishes (£ = 9 cm). A third Petri dish was
used for control samples (without inoculation) containing three pristine tile models
(hereinafter pristine control) and three aged tile models (hereinafter aged control).
Prior to the inoculation, all the Petri dishes containing the tile models were steril-ized (at 121 C, 100 kPa above atmospheric pressure, t = 20 min). An axenic culture
of the fungus D. imbrexigena, previously isolated from historic glazed tiles [23], was
grown in half-strength PDA (Scharlau, Spain) plates at room temperature. For
preparing the inoculum, fungal biomass was scraped from the PDA plates with a
sterile scalpel and suspended in diluted potato dextrose broth (2%, 2 g/100 mL)
(Scharlau, Spain). The number of fungal units (conidia) per ml was determined
through direct microscopic counts by using a haemocytometer and adjusted at a
concentration of 105 cells/mL. Subsequently, 150 ml of fungal suspension were inoc-
ulated onto the centre of the depression of the glazed surface of the tile models.
Every 3 months, the tile samples were re-inoculated with 150 ml of freshly prepared
fungal suspension to simulate reposition of cells naturally occurring outdoors. All
tile samples (inoculated and control samples) were kept under the same conditions
(22–23 C and 75–95% RH) during the incubation period (t = 12 months).2.3. Post-experiment analyses of tile surfaces
A multi-analytical approach was used to characterize morphological and chem-
ical alterations on the glaze surfaces after 12 months of incubation.2.3.1. Quantification of the fungal growth on the glazed tiles
Photographic records were made with an Olympus C-5060 digital camera every
3 months. The extent of the tile surface area covered by the fungal biofilms was
estimated by digital image analysis at the end of the incubation period
(t = 12 months) according to the protocols described by [25–27]. The software pack-
ages HyperCube (Army Geospatial Centre, USA) and ImageJ (National Institutes of
Health, USA) were used for the image analysis. The surface areas covered by the
black biofilms were calculated from the segmentation of the first and third bands
obtained by Principal Component Analysis (PC1 and PC3, respectively).2.3.2. Optical and scanning electron microscopy
After 12 months of incubation (t = 12 m), control and colonized pristine and
aged tile samples were inspected microscopically for assessing the extent of fungal
growth and detecting surface alterations caused by biodeterioration. Observation
and documentation were carried out using a Zeiss Axioplan 2 light microscope fit-
ted with a Nikon DMX digital camera.
Scanning electron microscopy (SEM) was also conducted on the tile models
after 12 months incubation to assess microbe–substratum interactions. SEM exam-
inations were conducted using a Hitachi 3700N microscope (Hitachi, Tokyo, Japan)
interfaced with a Quantax Energy Dispersive X-ray Spectroscopy (EDS) microanal-
ysis system (Bruker AXS GmbH, Karlsruhe, Germany). Variable Pressure-SEM mode
was performed for observation of fungal structures with 10 kV accelerating voltage,
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20 kV accelerating voltage, 10–12 mm working distance and 120 mA emission
current.
In addition, the colonized tile samples were observed after cleaning with a cot-
ton swab embedded in a 1:1 water-ethanol solution to assess corrosion patterns,
crystalline compounds and leached elements. For comparison purposes, the non-
inoculated control samples were also analysed. Prior to SEM observations, the tile
samples were directly mounted on sample stubs and sputter-coated with
gold/palladium.
2.3.3. Micro-Raman spectroscopy
Micro-Raman spectroscopy (l-Raman) was carried out for characterizing crys-
tals formed on the surface of the glaze using a Labram 300 Jobin Yvon spectrometer,
equipped with a He-Ne laser of 17mWpower operating at 632.8 nm and also a solid
state external laser of 50 mW power operating at 514.5 nm. Spectra were recorded
as an extended scan. The laser beam was focused either with a 10, 50 or a 100
Olympus objective lens. The laser power at the surface of the samples varied with
the aid of a set of neutral density filters (optical densities 0.3, 0.6, 1 and 2). For com-
parison purposes, spectra of whellite (CaC2O4H2O) (Fluka) were also obtained and
analyzed.3. Results and discussion
3.1. Fungal growth
The colonization of the glazed tile surfaces by D. imbrexigena
occurred at a slow rate during the 12 months of the laboratory-
based colonization experiment (Fig. 1). This fungus belongs to
the Teratosphaeriaceae family, which is characterized by slow
growing fungi [28]. This may explain the slow development of D.
imbrexigena on the tile samples. In fact, this was the criterion for
choosing an axenic culture of this fungus as a multi-species culture
might result in over-growth by other fungal species rather than the
major component of the original biofilm found on the historical
tiles from Pena National Palace [8,23]. In addition, the use of a
microorganism isolated from a similar substrate is of great rele-
vance to properly evaluate its growth pattern and damaging action
on the substrate.
According to visual examination no preferential growth was
evident on the pristine and aged tile samples after 12 months of
incubation (Fig. 1). The tile surface areas covered by fungi were
highly variable within the same type of samples as revealed by dig-
ital image analysis. It ranged from 2 to 69 mm2 on the Aged sam-
ples and from 2 to 104 mm2 on the Pristine samples (Fig. 2).
Although the average coverage area was slightly lower on the aged
tiles (22 ± 19 mm2) than on the pristine tile models (23 ± 33 mm2),
this difference was not statistically significant (p > 0.05).
Therefore, data showed no correlation between the degree of
ageing and bioreceptivity for the tested fungus. Similar results
were obtained by Rodrigues et al. [15] for stained glass windowFig. 1. Petri dishes with pristine and aged tile models, at three different stages:
before inoculation (Before), inoculation day (t = 0) and after 12 months incubation
(t = 12 months).models inoculated with Penicillium sp. and Cladosporium sp. These
authors observed no differences in fungal growth between non-
corroded and corroded glass surfaces. In contrast, when tile models
were inoculated with phototrophic microorganisms a higher biore-
ceptivity was observed for the aged samples in comparison with
the pristine tiles [24].
Several studies have demonstrated that bioreceptivity of inor-
ganic building materials is influenced by the intrinsic material
properties, such as surface roughness and porosity [12,29–32].
However, the bioreceptivity of an inorganic substrate to fungi is
a complex issue, since heterotrophic microorganisms depend on
the availability of external carbon sources. The influence of the
composition and physical features of the inorganic substrate might
be concealed by the effect of nutrient availability. Research on con-
crete bioreceptivity showed that nutrient availability was a limit-
ing factor for fungal development on this nutrient-poor substrate
[33]. Gadd et al. [34] analysed the nutritional influence on fungal
growth and biomass distribution in the presence of toxic metals
(Cu, Cd and Zn). They concluded that when the amount of available
carbon source increased the toxicity of the metals decreased. The
assumption that the fungus D. imbrexigena, isolated from a com-
plex multispecies biofilm growing over glazed wall tiles [23], was
a nutrient poor substrate might not be correct. In natural condi-
tions, cell debris of bacteria, photosynthetic microorganisms and
their organic exudates provide carbon sources for fungal growth
on inorganic substrates [33]. Consequently, the use of nutritional
culture media for laboratory assays might result in higher growth
on the surfaces, which in short term experiments can lead to more
discernible results [31,32]. To understand how the physical proper-
ties of the substrate, such as water permeability, surface roughness
and chemical composition influence the bioreceptivity to fungi the
effect of nutrient availability must be analysed. It might be pre-
dictable that the lower the permeability of the substrate the higher
the nutrient retention (liquid medium) on the surface. Therefore,
the very low permeability and surface roughness of the tile models
used in this study (Table 2) suggest that culture medium nutrients
were retained on the glazed surface allowing fungal growth
throughout the incubation time.
Finally, the quantification of fungal growth was solely based on
digital image analysis, which might be limited for detecting differ-
ences between pristine (t = 12 m) and aged (t = 12 m) tiles with
such reduced and heterogeneous fungal growth. Unlike the meth-
ods used for quantifying phototrophic biomass, the fungal-biomass
estimation methods are still complex and many of the biomarkers
are growth-phase dependent and have a weak correlation with
biomass [35,36]. Therefore, a more accurate biomass quantitative
method should be used, such as real-time quantitative PCR, which
has been used to quantify different microbial targets on diverse
materials [37,38].3.2. Biodeterioration assessment
3.2.1. Optical microscopy and SEM observations
Pristine and aged glazed tiles were examined by optical micro-
scopy after the 12-month incubation period to assess surface mor-
phology and detect corrosion products. On the non-inoculated
control samples, crystals with different sizes were observed over
the glazed surface (Fig. 3a, b). Lower magnified images showed
the differences between fissure network of the pristine and aged
samples (Fig. 3a b). This comprises the main distinguishing feature
between the two types of samples and justifies the increase of per-
meability caused by the artificial ageing (Table 2). Regarding the
inoculated samples, dark fungal colonies could be observed over
the surface and white crystals were formed close to fungal struc-
tures (Fig. 3c and d). The development of fungi over the glazed tile
Fig. 2. Tile surface area (in mm2) colonized by the fungus D. imbrexigena on pristine (full black) and aged (stripped) tiles obtained by digital image analysis after 12 months
incubation. Last column shows the average value (n = 16) and standard deviation (±SD).
Fig. 3. Optical microscopy of glazed tile models after 12 months of incubation showing crystals (arrows). (a) crystals on the surface of the glaze of a pristine control sample
(arrows) and fissure marked with ‘‘F”; (b) crystals on the surface of the glaze of an aged control sample (arrows) and fissure marked with ‘‘F”; (c) crystals (arrows) and fungal
colonies on the surface of the glaze of a pristine sample; and (d) crystals (arrows) and fungal colonies on the surface of the glaze of an aged sample.
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dolithic growth could be observed on the tiles (Fig. 3).
SEM observations allowed higher resolution and greater depth
of focus of the glazed tile surface of the non-inoculated control
pristine and aged samples (Fig. 4). The surface of pristine control
(Fig. 4a) and aged control (Fig. 4b) samples showed the heteroge-
neous distribution of crystals over the glassy surface. Higher mag-
nified SEM images revealed the crystal morphology on both
pristine and aged control samples with irregular andrhombohedral-like shaped crystals (Fig. 4c, d). The EDS microanal-
ysis allowed their elemental characterization as calcium-rich crys-
tals (Fig. 4e, f).
SEM analysis of the inoculated glazed tile models after
12 months incubation time also showed crystal formation on the
glazed surfaces. These crystals were intertwined by fungal hyphae
and covered by a mucilaginous matrix, probably extracellular poly-
meric substances (EPS) (Fig. 5a, b). The EDS microanalysis of the
crystals revealed high concentration of Ca and C (Fig. 5c, d). On
Fig. 4. SEM images of non-inoculated control glazed tiles after 12 months incubation. (a) crystals on the surface of the glaze of a pristine control sample; (b) crystals on the
surface of the glaze of an aged control sample; (c) higher magnification of the crystals shown in (a); (d) higher magnification of the crystals shown in (b); (e) EDS of a crystal
indicated as spectrum 1 in (c); and (f) EDS of a crystal indicated as spectrum 2 in (d).
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very close to the fungal hyphae could be observed (Fig. 5a, c). After
removal of the biofilm, neither cell imprints nor penetration of D.
imbrexigena hyphae into tile fissures were detected on pristine
(Fig. 5e) or aged (Fig. 5f) glazed tile samples.
The composition of the crystals formed over the surface of the
incubated glazed tiles indicate mobilization of calcium on both
non-inoculated control samples and inoculated samples. Neverthe-
less, the morphology of the crystals formed in the presence of
microorganisms was different from the non-inoculated control
samples.
3.2.2. m-Raman
Table 3 summarizes the main compounds identified on the sur-
face of the samples. All samples revealed calcium carbonate crys-
tals (probably calcite) over the glaze, which could be identified
by the Raman spectra with bands at 156, 286, 712 and
1088 cm1 [39]. Calcium sulphate (probably gypsum) was also pre-
sent on the samples with most intense bands at 412, 494 and
1008 cm1 [39]. Carbonates and sulphates have been identified
as common corrosion products of silicate glass and also of clay-
based ceramic bodies [15,40,41].
These compounds were also identified on the tile models inoc-
ulated with a phototrophic mixed culture in a previous work [24].In general, more crystals were observed on the inoculated samples
compared to the control samples. Similar results were reported in
other laboratory-based experiments, in which higher amount of
crystals were detected on inoculated stained glass reproductions
[15].
Regarding the inoculated pristine and aged tiles besides calcite
and gypsum, some irregular shaped crystals assigned to oxalates
were detected (Table 3 and Fig. 6).
These oxalates may have a biological origin since they were not
found on the control samples. Raman spectrum obtained from a
crystal on a pristine (t = 12 m) sample showed characteristic bands
at 161, 185, 429, 910 and 1476 cm1 (Fig. 6(i)), similar to the band-
ing pattern described for weddellite [42]. Similar crystals were
detected on the aged (t = 12 m) glazes (Fig. 6(iii)), showing only a
slight shift from the previously described bands. In the same sam-
ple, one spectrum was collected with bands at 161, 187, 638, 846,
1463 and 1489 cm1 that could be assigned to whewellite [42].
Oxalates have been considered biosignatures valuable for astrobi-
ology as they were found in extreme environments, such as cul-
tural heritage assets [43–46]. These metabolite compounds have
a crucial role in many metal and mineral transformations interme-
diated by fungi [43,47]. In fact, the formation of calcium oxalate
has been previously associated with the biochemical deterioration
of the ceramic body by fungi and lichens, through the precipitation
Fig. 5. SEM images of colonized glazed tile models after 12 months incubation. (a) VP-SEM BSE image of a crystal on the surface of the glaze of a pristine sample with fungal
hyphae covered by a mucilaginous matrix; (b) EDS spectrum of an area signed as Spectrum 1 in (a); (c) crystals on the surface of the glaze of an pristine sample close to fungal
biomass; (d) Fungi on the glaze surface on an Aged sample; (e) surface of a pristine sample with fungal hyphae (F) and clean glaze surface (G) with the interface signed with
white arrow; and (f) surface of an aged tile sample with an area covered by fungal hyphae (F) and a cleaned glaze surface (G) with the interface signed with a white arrow.
Table 3
Crystalline substances found over the glaze samples after 12 months incubation,
identified by l-Raman.
Tile samples Calcite (CaCO3) Gypsum (CaSO4) Oxalates
Colonized pristine * * *
Colonized aged * * *
Pristine control * *
Aged control *
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used in industry for the sequestration of metal cations [51,52].
Yet, we could not detect the formation of any lead or tin oxalates
on the samples, which could be expected due to high concentration
of lead and tin of the glaze. Other studies have shown that some
fungi can grow even in the presence of the most toxic chemical ele-
ments, such as Pb, Cd, Sn and Cu by producing several oxalates and
acidic compounds that will easily chelate ions from insoluble com-
plexes [43,51,53,54].Although calcium oxalate formation has been considered pro-
tective in stone conservation [55], the precipitation of compounds
over glazes alters their gloss and reflectance [56]. Optical features
such as gloss and reflectance are aesthetical characterizing features
of glazed tiles [1,56], therefore the formation of calcium oxalates
over the glaze has a detrimental effect on historical glazed tiles.
This experiment provided relevant results regarding the effect
of the fungi in glazed tile biodeterioration, such as in chemical
biodeterioration due to the formation of calcium oxalate com-
pounds. In addition, this laboratory-based tile biodeterioration
experiment provided information regarding the growth pattern
of the fungus D. imbrexigena, which was less invasive than pho-
totrophic microorganisms as revealed in a previous study [24].
4. Conclusions
The laboratory-based biodeterioration experiment performed in
this work allowed studying the growth of fungi over the glazed tile
models with two different ageing degrees and observing the main
alterations caused by their growth on the glaze surface. No signif-
Fig. 6. Raman spectra and image of crystalline compounds identified over inoculated samples (a) Raman spectra of oxalate crystals over glaze tile samples. (i) Weddellite
(CaC2O42H2O) found on the surface of inoculated pristine glazes (ii) whewellite detected on the surface of an inoculated sample (iii) weddellite (CaC2O42H2O) detected on
the surface of an aged glazes and (iv) pure whewellite (CaC2O4H2O) powder reference spectra was made in similar conditions to the tile’s spectra. (b) Microscopy image of the
crystals identified in (a(ii)) with a brown fungal structure.
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pristine and aged samples. Consequently, the ageing degree of the
glazed tiles could not be related to fungal growth rate.
The results obtained in this experiment indicated that Devriesia
imbrexigena was able to mobilize elements present on the glazed
tiles and form oxalates. Calcium oxalate crystals were deposited
over the inoculated glazed tile models after the 12 months of incu-
bation. For the identification of these compounds, m-Raman proved
to be a useful tool in the investigation of biogenic compounds pro-
duced by fungi.
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